The neural correlates of coordinate transformations from vision to action are expressed in the activity of posterior parietal cortex (PPC). It has been demonstrated that among the medial-most areas of the PPC, reaching targets are represented mainly in hand-centered coordinates in area PE, and in eye-centered, body-centered, and mixed body/hand-centered coordinates in area V6A. Here, we assessed whether neurons of area PEc, located between V6A and PE in the medial PPC, encode targets in bodycentered, hand-centered, or mixed frame of reference during planning and execution of reaching. We studied 104 PEc cells in 3 Macaca fascicularis. The animals performed a reaching task toward foveated targets located at different depths and directions in darkness, starting with the hand from 2 positions located at different depths, one next to the trunk and the other far from it. We show that most PEc neurons encoded targets in a mixed body/hand-centered frame of reference. Although the effect of hand position was often rather strong, it was not as strong as reported previously in area PE. Our results suggest that area PEc represents an intermediate node in the gradual transformation from vision to action that takes place in the reaching network of the dorsomedial PPC.
Introduction
Reference frames for reaching is one of the most relevant topics of current neuroscience. Defining the reference frame displayed by neurons while a primate is performing, or even just preparing, a reach is of great importance to understand how our brain encodes object location and processes spatial orientation strategies to interact with objects in the peripersonal space (see for reviews, Andersen and Buneo 2002; Crawford et al. 2011) .
Many works performed in the field focused mainly on the premotor areas of the frontal cortex and on the areas of the posterior parietal cortex (PPC). In the dorsal premotor cortex, neural activity during reach planning is influenced by the location of reach targets relative to the arm and the eyes, either using reference frames centered on hand, eye, or both (Batista et al. 2007 ), or on the relative position between hand and eye (Pesaran et al. 2006 ). In the ventral premotor cortex, head-and limbcentered frames of reference are displayed (Graziano and Gross 1998; Graziano 1999; 2001b) . In the PPC, many distinct subregions were extensively studied at this regard. Among them, there is the parietal reach region (PRR), a functionally defined region located in the medial bank of the intraparietal sulcus. In this region, many studies were performed and gave different contributions: PRR neurons encode object locations in eye-centered coordinates (Batista et al. 1999; Pesaran et al. 2006; Bhattacharyya et al. 2009 ), in mixed hand/eye reference frames (Chang et al. 2009 ), or in mixed eye/head reference frames (Mullette-Gillman et al. 2005 ). Area V6A, a visuomotor area located in the caudal part of the superior parietal lobule (SPL) (Galletti et al. 1999) , has been extensively studied in the last 10 years. V6A occupies the most anterior, medial part of Brodmann's area 19 (Brodmann 1909 ), but shows a typical parietal cytoarchitectural pattern (Luppino et al. 2005) . When reaching targets were arranged in a frontal plane (Marzocchi et al. 2008; Bosco et al. 2015) , V6A was reported to encode reach targets in eye-centered and in a combination of eye-centered and spatial reference frames. During reaches in depth, when body-centered versus hand-centered coding was compared, V6A neurons showed mostly body-centered or mixed body/hand-centered reference frames, with a few neurons using hand-centered reference frames (Hadjidimitrakis et al. 2014) . Contrary to V6A, area PE (often referred to as area 5, Pandya and Seltzer 1982) , located in the rostral part of the SPL, was reported to be strongly influenced by hand position during reaches in depth and to represent reach targets mainly in a handcentered frame of reference (Ferraina et al. 2009; Bremner and Andersen 2012) .
In between areas V6A and PE, there is another visuomotor area called PEc (see Fig. 1A ). PEc occupies a small cortical region in the caudal aspect of SPL, that Brodmann ascribed to area 7 (Brodmann 1909 ) and other authors later recognized as a distinct parietal cytoarchitectural pattern (Pandya and Seltzer 1982; Luppino et al. 2005) . PEc belongs to the dorsomedial network of areas in the PPC that are involved in reaching and integrate visual, somatosensory, and motor information to program and control arm movements (Snyder et al. 1997; Buneo et al. 2002; Galletti et al. 2003; Breveglieri et al. 2006 Breveglieri et al. , 2008 Bakola et al. 2010; McGuire and Sabes 2011) . It has been also suggested that PEc is an area involved in creating and maintaining an internal representation of one's own body (Breveglieri et al. 2006 ) and in navigation (Bakola et al. 2010) . Finally, a very recent paper showed that PEc is involved in encoding both direction and depth of reaching (Hadjidimitrakis et al. 2015) , but the reference frames displayed by PEc neurons during reaching movements are still unknown.
The aim of the present work was to study the coordinate system displayed by cells in area PEc during reaching movements in the 3D peripersonal space. We used the same experimental paradigm used by Hadjidimitrakis and colleagues (2014) in nearby area V6A, where the arm movement started from different positions in depth and tested whether PEc reaching cells displayed hand-centered and/or body-centered coding of reach targets. We found that the hand position influences the activity of PEc cells, but this effect is not strong enough to express a pure hand-centered reference frame. The majority of PEc neurons encodes targets in a mixed body/hand-centered reference frame. Our findings highlight a role for area PEc as intermediate node between the visually dominated area V6A and the somatosensory dominated area PE.
Materials and Methods
Three male macaque monkeys (Macaca fascicularis) weighing 3.9-4.4 kg were involved in the study. The animals were first trained to sit in a primate chair and interact with the experimenters. Then, a head restraint system and a recording chamber were surgically implanted under general anesthesia (sodium thiopenthal, 8 mg/kg/h, i.v.) following the procedures reported by Galletti et al. (1995) . A full program of postoperative analgesia (ketorolac tromethamine, 1 mg/kg i.m. immediately after surgery, and 1.6 mg/kg i.m. on the following days) and antibiotic care (Ritardomicina, benzatinic benzylpenicillin + dihydrostreptomycin + streptomycin, 1-1.4 mL/10 kg every 5-6 days) followed surgery.
Experiments were performed in accordance with national laws on care and use of laboratory animals and with the European Communities Council Directive of 22 September 2010 (2010/63/EU). All the experimental protocols were approved by the Bioethical Committee of the University of Bologna. During training and recording sessions, particular care was taken to avoid any behavioral and clinical sign of pain or distress.
Extracellular recording techniques and procedures to reconstruct microelectrode penetrations were similar to those described in other papers (Galletti et al. 1996; Breveglieri et al. 2006; Gamberini et al. 2011 ). Single-cell activity was extracellularly recorded from the exposed surface of the posterior part of the SPL. We performed multiple electrode penetrations using a 5-channel multi-electrode recording system (Thomas Recording). The electrode signals were amplified (at a gain of 10 000) and filtered (bandpass between 0.5 and 5 kHz). Action potentials in each channel were isolated with a waveform discriminator (Multi Spike Detector; Alpha Omega Engineering) and were sampled at 100 kHz.
Histological reconstructions have been performed following the procedures detailed in a recent paper from our laboratory (Gamberini et al. 2011) . Electrode tracks and the approximate location of each recording site were reconstructed on histological sections of the brain on the basis of electrolytic lesions and the coordinates of penetrations within recording chamber. The present work includes only the neurons assigned to area PEc (Fig. 1A) following the cytoarchitectonic criteria according to Luppino et al. (2005) and to Pandya and Seltzer (1982) .
Behavioral Paradigm: Reaching in Depth Task
Electrophysiological signals were collected while monkeys were performing a reaching task in darkness with the hand contralateral to the recording site. During the task, the monkeys maintained steady fixation of the reaching targets with their head restrained. The task was performed in 2 blocks that differed for the starting position of the hand: in both cases, the starting position was on the mid-sagittal plane at waist level, but in 1 block the hand started from a button placed 4 cm in front of monkey's chest ("near button": left panels in Fig. 1B,C) , in the other from a button located 14 cm farther from the near one ("far button": right panels in Fig. 1B,C) . In each block, only one of the 2 buttons was available to press, because the other was covered. For each neuron, the block sequence was random. Fixation and reaching targets were 9 Light Emitting Diodes (LEDs) positioned at eye level, at 3 different distances and directions (Fig. 1B,C) . Three LEDs targets were placed at 3 isovergence angles: the nearest targets were located at 10 cm from the eyes (17.1°); the LEDs located at intermediate and far positions were at a depth of 15 cm (11.4°) and 25 cm (6.9°), respectively. At each isovergence angle, LEDs were positioned in 3 directions: 1 central, along the sagittal midline, and 2 lateral, at isoversion angles of −15°and +15°. Target positions were chosen to be within the peripersonal space.
The time sequence of the task was identical to the one used in a recent report (Hadjidimitrakis et al. 2014 ): a trial began when the monkey pressed the button (far or near). After 1000 ms, 1 of the 9 LEDs lit up green and this cue instructed the monkey to fixate it, while maintaining the button pressed. Then, the monkey had to wait 1000-2000 ms for a change in color of the fixation LED without performing any eye or arm movement. The color change was the go-signal for the animal to release the button and start an arm movement toward the foveated target. Then, the monkey held its hand on the target for 800-1200 ms, keeping the gaze fixed on the same LED. The switching off of the target cued the monkey to release the target and return to the button to receive reward. The presentation of stimuli and the animal's performance were monitored using custom software written in Labview (National Instruments), as described previously (Kutz et al. 2005) . Eye position signals were sampled with 2 cameras (1 for each eye) of an infrared oculometer system (ISCAN) at 100 Hz and were controlled by an electronic window (4 × 4°) centered on the fixation target. If the monkey fixated outside this window, the trial was aborted. The task was performed in darkness, in blocks of 90 randomized trials, 10 for each LED target position. The background light was switched on for some minutes between blocks to avoid dark adaptation. At the start of each recording session, monkeys were required to perform a calibration task, following the details reported in Hadjidimitrakis et al. (2014) .
Data Analysis
Data were analyzed with the same approach used in Hadjidimitrakis et al. (2014) and summarized hereafter. Neural activity was quantified and studied in 2 epochs: the PLAN epoch that corresponded to the last 500 ms before the go-signal, and the REACH epoch that started 200 ms before the arm movement onset and ended at the pressing of the LED target.
To check the stability of each recorded unit between the 2 blocks, we used the HOLD epoch as a reference. This epoch started with the pressing of LED target and ended with the switching off of the target. The activity in HOLD was assumed to be equal in the 2 blocks, because visual, eye position, and arm somatosensory signals were identical. To check for this, we performed a t-test (2 sided; Bonferroni's correction, P = 0.01/9 = 0.001) for each cell, comparing the 9 mean firing rates (1 mean per LED) of the HOLD epoch recorded in 1 block with the 9 mean firing rates of the HOLD epoch in the other block. Neurons having a significantly different activity in the HOLD epoch between the 2 blocks were excluded from the analysis. The threshold of statistical difference between the 2 blocks was in agreement with other criteria of isolation stability (visual inspection of the raster histograms and the distribution of the interspike intervals). A very similar procedure has been used in other studies of reaching activity (Chang et al. 2008; Hadjidimitrakis et al. 2014) . Considering the high variability of the neural discharges, only cells tested in at least 7 trials per position and with a mean firing rate higher than 5 spikes/s for at least 1 target position were selected for further analysis . Significant modulation of neural activity relative to different positions of the reach targets or to different initial hand positions was studied with a 2-way analysis of variance (ANOVA) performed for PLAN and REACH epochs (Factor 1: target position, Factor 2: initial hand position). Task-related cells in each epoch were defined as cells where Factor 1 and/or Factor 2 and/or the interaction factor 1 × 2 were significant (P < 0.05). Only these cells were further analyzed.
Population Analysis of Reference Frames
With the task configuration described above, we could study whether spatial target representation in PEc neurons is organized in body-centered or hand-centered coordinates. It is worth specifying that in the 2 task conditions the targets were located in the same spatial positions. Therefore, being both tasks foveal reaching, the targets remained in constant eye-centered coordinates, so we cannot assess the eye-centered reference frames in the neurons we studied. It should also be considered that, in our experimental condition, the fact that the monkey fixated the target to be reached may lead to a potential confound between target position coding and eye position gain field. Moreover, given that the head of the animal was fixed, our experiment cannot distinguish body from head-or world-centered frames of reference. We will refer to this frame as "body-centered" coordinates. This terminology has been kept consistent with the one used for area V6A (Hadjidimitrakis et al. 2014) .
All the analyses here proposed have been performed following the approaches used for V6A in a recent paper of our lab (Hadjidimitrakis et al. 2014) , so to allow direct comparisons between the 2 areas. Several analyses have been used so to avoid that observed differences may be attributed to the different methods of analysis employed (Mullette-Gillman et al. 2009; Bremner and Andersen 2012 ).
Euclidean Distance Analysis
At single-cell level, to compare the similarity of firing rates in body and in hand-centered reference frames, we calculated in each cell the average activity of all the conditions that were equivalent in each frame of reference. Cells could have significantly different firing rates between condition pairs in both reference frames. To find which reference frame accounted more for the neural responses, we quantified the similarity between the mean firing rates in each frame by computing the normalized Euclidean distance (ED) between them (Batista et al. 2007 )
The mean PLAN/REACH activity for targets n and m that were equivalent in a given reference frame were normalized between 0 and 1, and T corresponds to the targets number. The 95% confidence intervals (CIs) on the distance value were estimated using a bootstrap test. Synthetic response profiles were created by drawing N firing rates (with replacement) from the N repetitions of experimentally determined firing rates. Five-hundred iterations were performed, and CIs were estimated as the range that delimited 95% of the computed distances. These confidence intervals indicate the range within which distance metric would have fallen 95% of the time. Neurons falling outside one of these CIs are sensitive to one reference frame, whereas neurons falling inside these 2 CIs are influenced by both reference frames. To compare the RFs of single cells in PLAN and REACH, we used their Euclidean distance values in each frame to calculate a single RF index (Fig. 3C ). To compute the RF index, individual data points from Figure 3A ,B were projected on the negative diagonal line. The RF index was equal to the distance of the projection point from the upper end of the negative diagonal line that had Euclidean coordinates 0 and 1. As a result, the RF index ranged from 0 to 1.414. Small index values (<0.5) indicate stronger effect of body-centered coordinates, whereas RF index values equal to 1 or higher indicate a prevalence of handcentered coding.
Separability Analysis
To examine whether in single neurons target location was separable from starting hand position, we applied the singular value decomposition (SVD) analysis (Peña and Konishi 2001; Pesaran et al. 2006; Bhattacharyya et al. 2009; Blohm 2012; Hadjidimitrakis et al. 2014) . A 2D matrix M was constructed from the mean activity across target and hand conditions. This matrix was subsequently reconstructed to calculate the diagonal matrix S that contained the singular values. Responses were considered to be separable if the first singular value was significantly larger than the singular values obtained when trial conditions were randomized (randomization test, α = 0.05). More specifically, we randomly rearranged the data in each matrix 1000 times and subjected each "shuffled" matrix to SVD. The first singular values from each shuffled matrix were accumulated into a vector, which was then sorted in ascending order. This sorted vector (n = 1000) formed the reference distribution for determining statistical significance. If the first singular value obtained from the original unshuffled matrix was >95% of the singular values in this distribution, the responses were considered separable. The fractional energy (FE) of the first singular value was computed from the equation below (Mulliken et al. 2008; Hadjidimitrakis et al. 2014) :
Neural responses were classified as separable if the first singular value was significantly larger (P < 0.05) compared with the first singular value calculated when conditions were randomized by permuting the rows and the columns of the initial 2D matrix (Randomization test, 1000 permutations) (Mulliken et al. 2008; Bhattacharyya et al. 2009 ).
Modulation Indexes
To measure the relative strength of neural modulations by target location in body-and hand-centered coordinates, we calculated 2 indexes in the same way used to quantify modulations in handor body-centered coordinates in area V6A (Hadjidimitrakis et al. 2014) , and to quantify the modulations of reaching activity by disparity and vergence angle in area PRR (Bhattacharyya et al. 2009 ). Index TB, referring to target in body coordinates, quantified the modulation between pairs of conditions where target position with respect to the body changed, while movement vector was constant.
TB ¼ ðmax À minÞ ðmax þ minÞ
As we tested neurons in 3 lines of LEDs (see Figs 1C and 3B), our experimental configuration allowed us to have 3 pairs of equal movement vectors for each neuron. The 3 indexes TB were subsequently averaged for each neuron to obtain a single index. Index TH, referring to target in hand-centered coordinates, measured the strength of the gain modulation by hand position, while target position remained the same.
Index TH was obtained by averaging 3 indexes calculated from the same 3 pairs of conditions (with the same reaching target and different initial hand positions) used for the ED analysis.
To compare the weight of the 2 indexes, we subtracted TH from TB for each neuron studied. The value of the difference we obtained determined whether the firing rate was more influenced by the body-centered target location ( positive values) or the movement vector (negative values).
Vector Correlation Analysis
Vector correlation analysis provides information about the degree of relatedness of 2 response fields. Each 2D matrix was transformed into a 2D vector field that described the gradient of the response (calculated using the Matlab "gradient" function).
To calculate the estimate of vector correlation, we used the method first developed by Hanson et al. (1992) to analyze geographic data and used in recent neurophysiological studies (Buneo and Andersen 2012; Hadjidimitrakis et al. 2014) . By applying this method, a correlation coefficient ρ that is analogous to the Pearson correlation coefficient was calculated. This coefficient quantified how much the 2D vector fields are related to each other. Apart from the coefficient, the method defines the amount of rotation or reflection and the scaling between the 2 vector fields. If x and y are the 2 dimensions of 1 vector field, and u and v the dimensions of the other, using the following equation from Hanson et al. (1992) a correlation coefficient ρ is calculated:
where
and σ² x , σ² y , σ² u , and σ² v are the variances of x, y, u, and v and σ xu , σ yv , σ xv , and σ yu are the covariances of the 4 dimensions. A phase angle (θ) can also be calculated:
The coefficient ρ has a range from −1 to 1, with 1 characterizing a perfect rotational relationship between the 2 vector fields and −1 denoting that one vector field can be produced by the reflection of the other along a given axis; 0 represents no relationship. Importantly, the correlation represents the degree of relatedness of the 2 sets of vector fields after accounting for the rotational (or reflectional) dependence. Thus, it is possible to have large phase angles with correlations close to 1 (in the case of rotation) or −1 (in the case of reflection). The phase angle θ has a range from −180°to 180°and quantifies the angle of rotation or reflection that is necessary to align the 2 vector fields.
Correlation Analysis
To study at the population level the influence of movement vector and of the body coordinates, we compared the mean firing rates of single conditions: 1) where targets that had the same location relative to the body were reached from different hand positions (Fig. 8A, left) and 2) where targets having the same location with respect to the hand were reached (Fig. 8B, left) . At the population level, the similarity of the paired firing rates was evaluated calculating the Pearson correlation coefficient (Zar 1999) . A Z-test (P < 0.05) was used to compare the correlation coefficients (Hadjidimitrakis et al. 2014) . As REACH epoch includes the last 200 ms before movement onset and the entire movement duration, we performed all the analyses also splitting the REACH epoch in 2 parts: EarlyMOV (from 200 ms before the movement onset to movement onset) and LateMOV epochs (from movement onset to movement end). We found no statistical difference between the results of the REACH epoch and the results of each of EarlyMOV and Late-MOV epochs (χ 2 test and Kolmogorov-Smirnov test, P > 0.05).
Thus, in the Results section, only results on the entire REACH epoch will be given. All methods of analysis gave consistent results in the 3 monkeys and are therefore presented together. All analyses were performed using custom scripts written in MATLAB (Mathworks, Natick, MA, USA).
Results
We examined the responses of 104 stable, well-isolated neurons recorded in area PEc in 3 M. fascicularis during the planning (PLAN, the last 500 ms before the Go signal to reach) and execution (REACH, from 200 ms before the movement onset to movement end) of arm reaching movements. Targets, placed at various depths and directions, were reached from 2 different hand positions, one next to the trunk and the other 14 cm distant from it (see Fig. 1B,C) .
We performed a 2-way ANOVA to find cells whose activity during planning (PLAN) and reaching (REACH) was significantly influenced by target position and/or initial hand position. A total of 82 cells in PLAN and 97 cells in REACH showed a significant effect. As shown in Table 1 , both the initial hand position and the target position affected reaching activity, as well as the interaction between them. During PLAN, the effect of the initial hand position was slightly stronger than that exerted by target position, whereas the reverse was true during REACH. Figure 2 illustrates examples of neuronal modulation during the task. The cell depicted in Figure 2A was modulated by target position during both PLAN and REACH epochs, with a stronger discharge during REACH. It discharged maximally during reaches toward far targets regardless of the initial hand position (1-way ANOVA, far vs. others, P < 0.05). The cell depicted in Figure 2B was strongly modulated during REACH, with the strongest discharges occurring for the movements that started from the "near" button. In this condition, the discharge was strongest for farthest and for rightmost targets. The cell had main effects of both initial hand position and target position, and also showed an interaction effect between them. The cell depicted in Figure 2C fired mostly during reaching execution. Its spatial tuning depended both on hand position and on target location: when the hand started the movement from the "near" button, this cell was slightly but significantly modulated by target position (1-way ANOVA, P < 0.05), whereas when the hand started from the "far" button, the spatial tuning became more evident, with the farthest positions evoking the highest discharges (1-way ANOVA, farthest positions vs. others, P < 0.05).
Population Analyses of Reference Frames
Euclidean Distance Analysis To compare the relative effect of changing target location and initial hand position at single-cell level, we calculated the Euclidean distance metric (Batista et al. 2007; Hadjidimitrakis et al. 2014) . For each neuron and epoch, we calculated the Euclidean distance twice by comparing the pairs of conditions that were equivalent in each reference frame (see Materials and Methods). Figure 3A illustrates a plot of the 2 distances calculated in each cell during reaching preparation (PLAN, left panel) and execution (REACH, right panel). A neuron encoding reach targets in a hand-centered reference frame is expected to have a large Euclidean distance value along the abscissa and a small value along the ordinate; a neuron encoding reach targets in a body-centered reference frame is expected to have a large Euclidean distance value along the ordinate and a small value along the abscissa. Confidence intervals of the Euclidean distance were also calculated with Bootstrap analysis. Neurons with confidence intervals that did not cross the equality line are illustrated with filled circles in Figure 3 , neurons with intervals that cross the equality line with empty circles. We used this analysis to divide the neural population into 3 categories (Fig. 3A,B) : neurons that encode target position in hand-centered coordinates (filled circles below the equality line, "hand" neurons in Fig. 3B ), that were 5% (4/82) in PLAN and 7% (7/97) in REACH; neurons that encode reach goals in body-centered coordinates (filled circles above the equality line, "body" neurons in Fig. 3B ), that were 15% (12/82) in PLAN and 28% (27/97) in REACH; neurons that were sensitive to both hand-and body-centered locations of the target (empty circles, "mixed" cells in Fig. 3B ), that were 80% (66/82) in PLAN and 65% (63/97) in REACH. The distribution of cells in the 3 categories was not significantly different in the 2 epochs (χ 2 test, P > 0.05).
A good proportion of neurons (65%) did not change reference frame going from PLAN to REACH. The consistency of reference frames between PLAN and REACH is evident also in Figure 3C , where we compared the RF indexes of cells tuned in PLAN and REACH and we found that they were significantly correlated (P < 0.001). This suggests a high consistency of reference frames as the task progressed.
Alternative Methods of Analyses of Reference Frames
According to previous works on the same topic (Pesaran et al. 2006; Bhattacharyya et al. 2009; Buneo and Andersen 2012) , and to help comparisons with the literature, we performed additional analyses of the reference frames on task-related cells. We performed the SVD analysis Figure 2A was classified as a "body," cell in Figure 2B as a "hand,"
and that of Figure 2C as a "mixed" cell. (Pesaran et al. 2006; Bhattacharyya et al. 2009 ) to examine whether the initial hand position and the target location were encoded jointly or separately. The neurons were classified separable when their activity encoded target and hand position independently, by a multiplicative coding mechanism, and inseparable when this mechanism could not completely account for the neural responses (Hadjidimitrakis et al. 2014) . We found that only a minority of neurons were "separable" (Fig. 4) : 15% (12/82) and 22% (21/97) of neurons modulated during PLAN and REACH, respectively, were classified as separable; 85% (70/82) and 78% (76/97) of neurons modulated in PLAN and REACH, respectively, were classified as "inseparable." As a further investigation to examine the degree of separability in the 2 categories of modulated cells, we computed the Fractional Energy (FE) of the first singular value (Mulliken et al. 2008; Hadjidimitrakis et al. 2014) . A cell influenced linearly by 2 variables should have a high FE; on the contrary, a cell coding for a combination of 2 variables should have a lower FE. In particular, cells using hand-centered reference frame are expected to have low FE values. The distribution of this metric for the population is shown in Figure 4 . The mean FE for the separable neuron in PLAN (Fig. 4A ) was 0.92 ± 0.04 and in REACH (Fig. 4B) was 0.92 ± 0.06. For the inseparable neurons in PLAN, the mean FE was 0.71 ± 0.08 and in REACH was 0.73 ± 0.08. In both classes of neurons, the FE of the first singular value was high. The high FE values (>0.6) of most of the inseparable neurons provided another line of evidence supporting that there is an intermediate encoding, that is, between body-and hand-centered coordinates of reaching targets in area PEc.
We examined the strength of the modulation by target and hand signals by calculating 2 indexes (TB and TH) used in recent reports on the same topic (Bhattacharyya et al. 2009; Hadjidimitrakis et al. 2014 ). The TB index (target in body coordinates index, see Materials and Methods) measures the modulation of cell activity when target position changed with respect to the body and movement vector remained stable. Its distribution is shown in Figure 5 , left. Index TH (target in hand coordinates index, see Materials and Methods) quantifies the modulation occurring when location of target changed relative to the hand, but remained the same with respect to the body. Its distribution is shown in Figure 5 , middle. For both indexes, a value of zero means that changing the target or hand position had no effect on the activity, while a value close to 1 indicates a maximum effect. A value of 0.33 means that the change of the target position (TB) and hand position (TH) in space scales activity by a factor of 2 (doubling it or reducing it to its half ). To compare the 2 Figure 2A was classified as "body," cell in Figure 2B as "hand," and that of Figure 2C indexes in individual neurons, we subtracted TH from TB index for each neuron and each epoch. A resulting value of zero indicates that the 2 modulations had equal strength in a given cell and epoch; positive values indicate that target location with respect to the body had more influence on cell activity than movement vector (target in hand coordinates), and negative values indicate that changes in movement vector had a stronger effect than changes in target location with respect to the body. Results around zero indicate that there is a similar effect of body and hand positions. The distribution of TB-TH values is around zero for both PLAN and REACH epochs (mean values: PLAN 0.07; REACH 0.05) (Fig. 5, right) . Thus, these results show that, in agreement with the prevalence of mixed reference frames (Fig. 3) , the effects of body position and hand position were similar.
All the analyses presented so far do not take into account the overall 2D structure of the arm movement fields of single neurons, that is, the fact that in our study targets were located at various depths and directions with precise spatial relationships. Thus, to analyze the 2D structure of the arm movement fields of single neurons, we performed the vector correlation analysis Figure 4 . Results from separability analysis. Distributions of the fractional energy of the first singular value for all modulated neurons (separable and inseparable) in PLAN (A) and REACH (B). In both A and B, the distributions are shown for significantly (P < 0.05) separable (n = 12 in A and n = 21 in B) neurons and for the rest of the modulated neurons (n = 70 in A and n = 76 in B) that were found to be inseparable. The fractional energy (FE) of the separable neurons was significantly higher than the inseparable ones (Kruskal-Wallis, P < 0.05). In both classes of neurons, the FE of the first singular value was high, thus suggesting an absence of target encoding relative to the hand (movement vector). (Buneo 2011; Buneo and Andersen 2012; Hadjidimitrakis et al. 2014) . This method provides a measure of correlation between 2D response fields. In our case, the response fields were the 2D (depth/vergence-direction/version) matrices of firing rates for movements that started from the near and the far button, respectively (Fig. 6A,B) . Our hypothesis was that, if neurons encode targets in body-centered coordinates, the response fields should be strongly correlated, because targets had the same location with respect to the body. If the 2 matrices were identical (bodycentered reference frame), the vector correlation analysis would give a coefficient ρ of 1 that indicates a perfect rotational relationship between the 2 response fields and a phase angle θ of 0 that quantifies the angle of rotation or reflection that is necessary to align the 2 vector fields. In general, body-centered cells would show response matrices that are correlated with high coefficients (ρ) and have a small phase angle (θ) difference between them. In contrast, the correlation distribution for a population of intermediate or hand-centered neurons is not obvious. In general, cells with a strong effect of initial hand position are expected to have much lower positive or negative values of the ρ coefficient that suggests a strong rotation or a reflection, respectively, of 1 response field with respect to the other. Figure 6A ,B shows example vector correlations derived from idealized neural responses. Since we varied the hand position only in depth, the idealized neurons were designed to show only depth tuning (it should be noted that this was not always the case in the population of recorded cells). The field in Figure 6A (right) was designed to be identical as the one shown in Figure 6A (left), and the vector correlation measures reflect this (ρ = 1 and θ = 0°). This is the case of an idealized "body" cell, that is, a cell whose spatial tuning is not affected at all by the manipulation of the starting hand position (see Fig. 6A ). On the contrary, the vector field in Figure 6B (right) was designed to appear as the reflection of the one shown in Figure 6B (left). In fact, in our setup, the movement vector for movements from the "near" button to the nearest LEDs is equal to the movement vector for movements from the "far" button to the farthest LEDs. Here, the correlation is best described as a reflectional relationship (negative correlation), rather than a rotational (positive) one. In this case, the idealized cell is strongly influenced by the starting hand position, namely a "hand" cell, and ρ = −0.98 with a rotation angle (θ) of −10°. Thus, we can predict that the more neurons show values of ρ far from 1, the more the influence of hand position becomes greater. Also, the higher is θ, the more influent is hand position. Figure 6C ,D shows the distribution of ρ coefficient (top panels) and phase angle θ (bottom panels) of PLAN (Fig. 6C) and REACH (Fig. 6D) epochs, respectively. The majority of neurons modulated in PLAN and REACH epochs exhibited positive values of ρ coefficient (median value = 0.32 for PLAN; 0.48 for REACH). In PLAN epoch, the cells showed phase angles that were widely distributed and not concentrated near 0. Differently, during REACH a peak around values of θ of ±10°was evident, and this agrees at population level with the increase of body-centered cells observed in the Euclidean distance results (Fig. 3A,B) . This is also in agreement with the higher correlation between ρ and θ found in REACH (Fig. 6E,F) .
The distributions of the ρ coefficient and phase angle θ suggest that in the majority of the cases the 2 response matrices were quite strongly correlated, although often with a considerable degree of rotation/reflection. Thus, the influence of hand position for the majority of PEc cells seems significant, and this agrees with the results shown in Table 1 . This confirms the prevalence of mixed hand-/body-centered representation in PEc, in line with the other methods of analysis described earlier. 
Convergence of the Different Analyses
To check whether the results of the different analyses were consistent, we plotted the results of each of the analyses one against the other. SVD and TB-TH indexes analyses gave consistent results. As shown in Figure 7A , the majority of separable cells (9/12 in PLAN and 15/21 in REACH) displayed positive values of TB minus TH indexes (TB − TH). This suggests that, in cells where the influence of body-centered coordinates was prevalent ( positive TB-TH values), activity encoded target and hand position independently, by a multiplicative coding mechanism. In the same vein, separable cells contained a major incidence of cells classified as "Body" in the Euclidean distance analysis (Fig. 7B) , since "Body" cells are most likely to be significantly tuned only by target position in the SVD analysis. The Euclidean distance results were in good agreement with the modulation indexes analysis (Fig. 7C) , because almost all the "Body" cells (12/12 in PLAN and 26/27 in REACH) had a positive TB-TH values, whereas all "hand" cells had a negative one (4/4 in PLAN and 7/7 in REACH). Mixed cells displayed both positive and negative values.
We also compared the results from the vector correlation analysis with those from the other analyses, but we did not find as much convergence as in the other comparisons. This is likely because vector correlation correlates 2D matrices (thus considering together all the target positions), so it is also sensitive to the firing rate differences between adjacent positions, both in direction and in depth, whereas the other methods lose this spatial relationship, because they compare only pairs of target positions that are located in the same depth in either body-or handcentered coordinates. However, it has to be pointed out that, although at a single-cell level we found discrepancies between vector correlation and all the other analyses, at a population level all the analyses suggested that mixed body/hand reference frames were prevalent in PEc.
Correlation Analysis
To check how the cell diversity highlighted by the single-cell analyses translates at the population level, we performed a correlation analysis. Our experimental setup allowed us to study whether neurons encode the target in body-centered or hand-centered coordinates by comparing, in the same cell, the neuronal activity of arm movements of different amplitude and direction performed toward the same spatial location (Fig. 8A) with the neuronal activity of movements of the same amplitude and direction performed toward different spatial locations (Fig. 8B) . To study the relative influence of body coordinates and of the movement vector at a population level, we plotted the mean firing rates of single conditions ( pair of movements): 1) where targets with the same position relative to the body were reached starting from different initial positions (constant target location in body coordinates but different movement vectors, see Fig. 8A ); each neuron was plotted 9 times, because there were 9 pairs of conditions in the task that matched the above reported features. 2) Where targets with the same position with respect to the hand were reached from different initial positions with respect to the body (same movement vector but different position in body coordinates, see Fig. 8B ); each neuron was plotted 3 times, because there were 3 pairs of conditions in the task that showed the same movement vector. A low scatter (high correlation) indicates that a particular reference frame accounts well for the population activity. Figure 8A ,B illustrates that the correlation was quite high for both reference frames. Nevertheless the correlation was significantly higher (z-test, P < 0.05) when the target was in the same position with respect to the body (body-centered frame of reference, r = 0.76 in PLAN; r = 0.89 in REACH) than when the target was in the same position with respect to the hand (hand-centered frame of reference, r = 0.63 in PLAN; r = 0.76 in REACH). In other words, both reference frames accounted for the population activity, but the body-centered frame of reference explained better the neural discharges than the hand-centered one.
In summary, all the methods employed to ascertain the reference frames of PEc cells indicate a prevalence of mixed body-/ hand-centered reference frame. In this scenario, the influence of target position relative to the body was higher than the influence of target position relative to the hand.
Discussion
In this study, we tested whether neurons of the medial posterior parietal area PEc encode reach targets in hand-centered or in body-centered reference frame while the animals performed reaches to targets at different depths and directions. To this aim, we recorded preparatory and movement-related activity of PEc cells during a 3D reaching task requiring body-out arm movements starting from 2 different locations in depth and reaching 9 different target positions located at 3 different depths and in 3 different directions. We found that most PEc cells encoded targets in a mixed body-and hand-centered frame of reference during both preparation and execution of reaches. We found very little evidence of pure hand-centered representations, although hand position seems to be rather influent in PEc as a main effect, especially before reach (see Table 1 ). However, this influence is not strong enough to be expressed as a clear, pure hand-centered reference frame, so the mixed coding remains the principal representation in PEc during both planning and execution of reaches.
Reference Frame Transformations
It has been long debated about the existence of distinct reference frames in different brain regions, also because the reference frame may be an emerging computational mean of the neuron rather than an intrinsic feature. Indeed, many cells with mixed reference frames have been described in parietal (Stricanne et al. 1996; Avillac et al. 2005; Mullette-Gillman et al. 2005 Chang and Snyder 2010; McGuire and Sabes 2011) and frontal (Batista et al. 2007 ) areas, with the frequent interpretation that an orderly progression of coordinate transformations does not exist. However, it was pointed out that the existence of mixed reference frames in the studies involving reaches was caused by the fact that there was not the possibility to distinguish clearly whether changes in firing rate were caused by reference frame shifts or by postural gain fields (Batista et al. 2007; McGuire and Sabes 2011) , a distinction that is critical for determining the appropriate reference frame. In the current study, all neurons (included cells with mixed reference frames) underwent SVD analysis that is a powerful tool to establish whether there is a gain field in a matrix of responses (see for example Bremner and Andersen 2012) . Present results (see Fig. 4 ) demonstrate that gain fields are present in a minority of cells, and the majority of "mixed" cells shows a genuine hybrid coding frame without gain fields.
Computational models have proposed that a mixed representation may be explained by considering the PPC as an intermediate layer that uses basis functions to perform multidirectional coordinate transformations (Pouget and Snyder 2000) . Basis function units are thought as an efficient computational step that allows to integrate the sensory signals related to the target with the necessary postural signals (gaze and/or arm position) to define the motor goal. The advantage of the basis functions approach is that it allows single cells to define spatial positions in multiple reference frames simultaneously. Networks with these combinatorial properties also show optimal Bayesian statistical inference, with possible dynamic adjustment of the synaptic weight of each input according to the context (Deneve et al. 2001) . Moreover, recent work demonstrated that the use of sigmoid transfer functions, instead of basis functions, can also perform the computations of reference frame transformations and also predicts intermediate reference frames Blohm 2012) . Compared with a basis function, a sigmoid transfer function can be physiologically more realistic (Naka and Rushton 1966a; 1966b; 1966c) . In any case, the presence in PEc of bimodal visuo-somatosensory cells ) together with mixed body-/hand-centered reference frames, suggests that this area is involved in the coordinate transformations necessary for coding reach targets.
Although mixed reference frames are the most frequent representation in PEc, neurons with body-centered frames increase in number when movement execution occurs with respect to movement preparation. This suggests that the reference frame of sensory signals is likely unconstrained, and a more defined coordinate system only emerges when a specific behavior requiring the computation of target location in that reference frame must be generated. That the reference frame may be dictated by the motor effector and that such coordinate systems may emerge most clearly later in motor pathways has been observed for head movements, reaching movements, and auditory stimuli as well. Visual and auditory signals organized in quite clear eye-, head-, and limb-centered coordinates have been observed, for instance, in the superior colliculus and ventral premotor cortex during movement execution (Graziano and Gross 1998; Graziano 1999; 2001a; Lee and Groh 2012) . This is in agreement with the "conversion-on-demand" model proposed by Crawford and colleagues: targets are retained in sensory coordinates and only those relevant to a specific action are made available to motor systems (Henriques et al. 1998; Klier et al. 2001) . Thus, the late employment of a reference frame may be a general rule for the brain's strategy of converting signals into a specific reference frame only where and when a command begins to be prepared to direct the effector on a particular location in space. This particularly occurs in PPC that receives sensory signals and sends them to the motor cortex.
Another important point to consider is that the reference frame displayed by a neuron can be influenced by the way the experiments are carried out ) or be susceptible to plastic changes induced by the training of the monkey (Alemayehu et al. 2015) . Thus, we cannot rule out that the presence of mixed and body-centered reference frame in PEc can be an epiphenomenon induced by our experimental conditions.
Functional Gradient of Reference Frames in the SPL
Evidence from studies performed independently in different PPC subdivisions suggests that the reference frame used by an individual neuron in reaching depends on that neuron's location within the PPC (Batista et al. 1999; Buneo et al. 2002; Bremner and Andersen 2012) . In a recent study (Hadjidimitrakis et al. 2014) and in the present one, 2 medial PPC areas (V6A and PEc) were studied with exactly the same experimental paradigm and methods of analysis, which allowed a direct comparisons between the 2 areas. We found that both V6A and PEc use mainly "mixed" frames between hand-and body-centered coordinates, with a difference in the relative contribution of body and hand in spatial encoding. V6A cells encode both the body-centered target position and the hand movement vector, with the former having on average a stronger effect than the latter (Hadjidimitrakis et al. 2014) . The overwhelming majority of PEc cells have a mixed reference frame, with a slightly stronger influence of hand position signals with respect to V6A. Works from other labs showed that area PE, located rostrally to PEc, contains mostly cells representing reach targets in hand-centered coordinates (Ferraina et al. 2009; Bremner and Andersen 2012) , together with body-centered cells (Lacquaniti et al. 1995; Buneo et al. 2002) and "mixed" cells (McGuire and Sabes 2011). All the above-mentioned works and present data show that a functional gradient pervades the medial part of the PPC, with the hand position that gradually becomes more influent going from caudal to rostral regions (see Fig. 9 ). A similar conclusion, though based on different functional grounds, was achieved by a recent paper (Hadjidimitrakis et al. 2015) , where the role of depth and direction signals in encoding reaching targets was investigated. PEc was shown to be less involved than V6A in encoding the spatial location of reaching target, and to be more functionally similar to area PE and to premotor areas. The existence of this functional gradient is supported by studies on the sensory properties: the caudalmost region, V6A (Galletti et al. 1996) , contains about 60% of visual cells and 30% of somatosensory cells (Galletti et al. 1999; Breveglieri et al. 2002) . Area PEc (Pandya and Seltzer 1982) is located anterior to V6A and has less visual and more somatosensory cells than V6A (Breveglieri et al. 2002 (Breveglieri et al. , 2006 . Area PE (Pandya and Seltzer 1982) , located further anteriorly, is poor in visual responses but rich in somatosensory ones (Sakata et al. 1973; Mountcastle et al. 1975 ) and receives strong somatosensory and sparse visual input (Bakola et al. 2013) . Thus, different functional data suggest a caudo-rostral flow of information relative to the reaching targets through V6A, PEc, and PE, which provides premotor/motor centers with adequate representation of targets with respect to our own body and hands.
Comparison with the Human Brain
The idea of a rostro-caudal gradient within the parietal cortex has also been suggested in the human brain. For example, a human fMRI study suggested that occipitoparietal regions were more activated by saccade planning than by limb movements, whereas anterior regions of the SPL were more activated by limb movements (Heed et al. 2011) . Moreover, human posterior parietal and dorsal premotor areas showed gaze-centered integration effects (Sereno et al. 2001; Medendorp et al. 2003; Medendorp, Goltz, Crawford, et al. 2005; Beurze et al. 2010) , whereas in regions closer to the primary motor cortex, body-centered hand position effects were found (Beurze et al. 2010) .
Recent human studies show that reach-related regions of the human PPC seem to demonstrate a capacity to express different frames of reference depending on the sensory context (Sober and Sabes 2005; McGuire and Sabes 2009; Bernier and Grafton 2010) . It has been suggested that flexibility is not achieved by engaging different brain areas, each using a fixed gaze-or body-centered reference frame, but by recruiting areas able to change their mode of representation (Bernier and Grafton 2010) . In our study, we did not vary the sensory modality of the target, thus we are not able to test this hypothesis. However, our finding that most cells show a mixed hand-body reference frames for reaching is in agreement with this view. It could be the case that a differential weighting of sensory modalities in the experimental protocol would switch a mixed reference frame to a purely hand-or bodycentered reference frame. Future experiments will be addressed to verify this hypothesis.
